Abstract. The Solar Wind Ion Composition Spectrometer (SWICS) on board Ulysses has compiled an extensive collection of ion charge state measurements in high-speed-wind streams. These provide important diagnostic constraints for the acceleration region of the large south polar coronal hole in which these charge states were \frozen-in". Initial analyses of these data have inferred that the coronal electron distribution may deviate modestly from a Maxwellian (1) or that the coronal out ow speeds of heavy ions may v ary with the ion mass (2) Here we apply a simple freezing-in approximation to examine the robustness and uniqueness of these inferences. In particular, we emphasize that careful attention to the ionization states of both Oxygen and Carbon provides the best potential diagnostic for a non-Maxwellian distribution of coronal electrons, since the similarity in their overall rate coe cients suggests a similar freezing-in location, while di erences in their (comparitively high) ionization potentials provide a di erential sensitivity t o a high-energy electron tail. We also note the possibility that the freezing-in of the ionization state of these elements may begin in the underlying transition region of their source coronal hole.
INTRODUCTION
The Solar Wind Ion Composition Spectrometer (SWICS) on Ulysses (3) measured a relatively steady ionization in high-speed solar wind emanating from the south polar coronal hole. Tables I and II of Ko et al. (2) summarize the data. Here we discuss the theoretical interpretation of these data in terms of the \freezing-in" approximaton of the ionization state in the coronal expansion. The aim is to gain a better physical understanding of previous data-tting results obtained by Ko et al. (1, 2, 4) , which found evidence for a mildly non-Maxwellian electron distribution, and/or unequal ion ow speeds, in the coronalhole source region. Our analysis indicates that the relative freezing-in of the ion stages of Carbon and Oxygen are particularly key for these inferences of a non-Maxwellian distribution and/or non-uniform ion out ow.
FREEZING-IN ANALYSIS
For steady, radial out ow o f i o n s a t a c o m m o n species speed u s , t h e n umber density n i of ions of ionization stage i evolves according to:
where n e is the number density of electrons and C i and R i are the ionization and recombination coefcients (cm 3 =s) for rates out of the ith ionization stage. In the inner corona, the left side can be neglected, yielding the ionization equilbrium:
For a Maxwellian electron distribution, R i+1 = R i+1 (T e ) a n d C i = C i (T e ), where T e is the electron temperature. Then for any given ion ratio n i =n i+1 , solution of (2) yields an unique ratio temperature, T i=i+1 . In the outer corona and solar wind, the right side of eq. (1) becomes negligible, yielding the frozen-in condition (5, 6):
The transition occurs at a freezing-in radius r f , dened roughly where the expansion time, exp n e =u s =(dn e =dr), equals an ion exchange time, i$i+1 1=n e (R i+1 + C i ). If the ions ow a t t h e same speed as the electron-proton plasma, then in situ measurements of the 1 AU mass ux (nu) E constrain the freezing-in density, n f n e (r f ) a s
where f exp accounts for a possible faster-than-radial ow expansion between the coronal base and 1 AU. The rate coe cients can be evaluated using the temperature inferred from the observed ion ratio, following eq. (1). Given an independent measurement of the coronal electron density pro le, n e (r), these freezing-in densities can be inverted to estimate freezing-in radii r f . Here we apply the electron density pro le derived from the white-light coronagraph measurement o f t h e south polar coronal hole during the SPARTAN 201-01 Mission together with the ground-based observation by H A O Mk-III K-coronameter (7). Taking also, for simplicity, a constant expansion factor f exp = 7 in the corona, and assuming all ions ow at the proton speed, u s = u p , Figure 1a plots the frozen-in ratio temperatures, T f , as inferred from the SWICS data, vs. r f . Ionization and radiative recombination rates are from the recent compilation by (8) . For dielectronic recombination, we use rates from (9) for Fe ions, from (11) for non-Fe H and He isoelectronic sequences, and from (10) for other ions.
These rates have some minor di erences from those used in the previous detailed data-ts by K o e t al. (2) . The principal trends and inferences remain, however. For example, there seems clear evidence that the maximum temperature occurs at a radius R The major e ect is to bring the C and O ionization temperatures into much better agreement, with both now being well below 10 6 K. Figure 3a compares the ratio temperatures derived for the Maxwellian case ( = 1) w i t h t h r e e cases = 1 0 5 3 with progressively stronger highenergy tails. The plotting vs. the inverse of the ionization potential shows that the stages with highest ionization potentials have the greatest sensitivity to a non-Maxwellian tail. Figure 3a shows this sensitivity in terms of the temperature overestimation factor from assuming a Maxwellian distribution. Figure 3b shows that the freezing-in radius also tends to vary with the inverse ionization potential. (Higher implies a smaller fraction of the electrons can ionize, giving a lower intrinsic rate coe cient, and so a l o wer freezing-in radius.) Together, Figures 3ab show that ionization stages most sensitive t o a n o nMaxwellian distribution are also those that freeze-in at lower radii. This implies an inherent a m biguity between inferring a non-Maxwellian distribution and variations in the coronal temperature gradients.
EFFECT OF UNEQUAL ION FLOW SPEEDS
An alternative for bringing the C and O ionization stages into better agreement is to assume the two species ow at di erent speeds. Ko et al. Model a with equal ow speeds gives too high a freezing-in temperature for both Carbon stages. In contrast, the higher Carbon ow speed in Model b causes it to freeze-in at a lower radius, thus lowering the freezing-in temperature to a level in good agreement with the observations.
SUMMARY AND CONCLUSIONS
A simple freezing-in analysis suggests that the ionization stages of C and O should have similar freezing-in radii, and thus similar freezing-in temperatures.
Inferred di erences in the freezing-in temperature of C and O can be explained either by a non-Maxwellian distribution, or by a higher outow speed for C. Independent measurements of the ion ow speeds are needed to resolve t h i s ambiguity (13) . 
